Abstract⎯The study of lavas and pyroclastics from Anyui Volcano made it possible to reconstruct succession of its eruption events. The age of the eruption is estimated by isotopic methods to be 0.248 ± 0.030 Ma. It is established that the last episode of volcanic activity in northeastern Russia occurred 0.2-0.5 Ma ago (in its continental part, 0.2-0.3 Ma ago). This episode is chronologically close to the last peak in activation of volcanism in the Arctic and Subarctic regions. The absence of features indicating glacial influence on lavas from Anyui Volcano provides grounds for an assumption that no significant glaciations took place in the continental areas of western Chukotka during the last 250 ka.
Anyui Volcano located in the continental part of western Chukotka is known since 1952, when it was discovered during the aerial photography. The intraplate position and extremely fresh appearance of lavas attracted immediately particular attention of geologists to this structure. Nevertheless, age of the volcano and the type of its eruption remain debatable. The volcano is known under different names: Anyui, Monni, Molodykh, and Ustiev. The first information on this structure was provided by E.K. Ustiev, who traced its integral lava flow (56 km) up to the cinder cone and described in detail this unique structure of Chukotka in 1953 (Ustiev, 1959) . Precisely, this researcher described it as Anyui Volcano and we also prefer to use this name.
In 2009, we visited Anyui Volcano with the main purpose to determine the age of its eruption. To achieve the goal, we reconstructed the succession of eruptions of individual lava portions in addition to radiometric dating. In this article, we consider in detail different aspects of performed geochronological investigations, type of eruptive activity, and succession of different eruption phases. In addition, we analyze most of available published data on the composition of lavas and pyroclastics of Anyui Volcano, which allows main peculiar features of magmatic activity of this eruption to be characterized.
TECTONIC POSITION Anyui Volcano (67°10′27′′ N, 165°50′08′′ E, 1054 m) is located in the Bol'shoi Anyui River basin at the head of the Monni River ("Rocky River"). Its cinder cone is confined to the northern slope of Mount Vulkannaya (1585 m), one of the highest peaks of the South Anyui Range. Anyui Volcano is an element of the synonymous group, which also includes the Aluchin and Bilibin volcanoes ( Fig. 1, inset) . The Anyui group of volcanoes is located in the western part of Chukotka within the South Anyui suture and near the Okhotsk-Chukotka volcanic belt (Korago et al., 2010; Sokolov et al, 2010) ( Fig. 1, inset) . The suture inherits the southern boundary of the Arctida paleocontinent (Laverov et al., 2013) and is located at the junction of the North America, Eurasia, and Sea of Okhotsk plates (Mazarovitch and Sokolov, 2003; Khain et al, 2009; Korago et al., 2010; Sokolov et al, 2010; Laverov et al., 2013) .
The study area is located in the region with a distinct low-velocity seismic anomaly in the upper mantle, which may be determined as the asthenospheric rise of a mantle plume (Yakovlev et al., 2012; Dobretsov et al., 2013; . During the Pliocene-Quaternary, volcanic activity in northeastern Russia was relatively low (Imaev et al., 1998; Akinin et al., 2008) . Moreover, most of the known indications of volcanic activity of that time are localized near boundaries of plates with high seismic activity, while the Anyui group of volcanoes occupies the intraplate position (Fig. 1) .
The cinder cone of Anyui Volcano crowns the Early Cretaceous large intrusion (Mount Vulkannaya), which is surrounded by Lower Triassic sedimentary rocks (Fig. 2) . According to the U-Pb (SHRIMP-RG) dating, granitoids of Mount Vulkannaya are 108.5 ± 2.7 Ma old (Miller et al., 2009 ). In † Deceased. (Imaev et al., 1998) , modified after (Akinin et al., 2008; Korago et al., 2010; . In the inset, location of volcanoes of the Anyui group. (1-3) active faults: (1) normal, (2) strike-slip, (3) thrusts; (4) boundaries of the subduction zone; (5) spreading zone of the Gakkel Ridge; (6) passive faults; (7) Cenozoic depressions; (8) 
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A lu c h in R . Tables 1 and 2 . the study area, earliest magmatic activity is documented for the Late Jurassic (Kimmeridgian-Tithonian) and Early Cretaceous (Valanginian) (Gelogicheskaya …, 1979) , i.e., for the period of approximately 155-135 Ma ago. The largest part of presumed fault structures defined in the map is characterized by latitudinal or west-northwesterly strikes. The cone of Anyui Volcano is located at the fault, which crosses Mount Vulkannaya in the northeastern direction. V.I. Sizykh (1993) assumed a single mechanism for recent volcanic activity in the Anyui group of volcanoes located within a large (130 × 160 km) ring volcanotectonic structure of the collapse caldera type. V.A. Ignat'ev (1993) also considered that volcanoes are confined to arcuate extension zones (microrifts) within a large ring fault zone. Subsequently, these researchers defined the Bolshoi Anyui ring macrostructure with Anyui Volcano on its northwestern peripheral part (Ignat'ev and Sizykh, 1997) .
STRUCTURE OF THE VOLCANO
AND ERUPTION TYPE E.K. Ustiev is the only researcher, who traced the entire lava flow from its frontal part to the volcano. Other researchers at best visited outskirts of the cinder cone. In this connection, when describing morphology of the flow, we lean upon information from (Ustiev, 1958a (Ustiev, , 1958b (Ustiev, , 1961 (Ustiev, , 1966 and original observations, which were carried out at a distance of up to 9 km from the crater.
Following Ustiev, most researchers (Bazarova and Vavilov, 1989; Ignat'ev and Sizykh, 1997; Grachev, 1999; Akinin et al., 2009; Okrugin and Mokhnachevskii, 2013 ; and others) define the following elements of the entire volcanic object in question: cinder cone (it is frequently termed as a volcano), lava flow extending from the cone in a northerly direction and partly incised into the river valley (it is sometime named as the "main flow"), and the so-called "fissure flow" observable only in the Monni River valley and extending in the sublatitudinal direction. Different authors interpret the succession of eruptions of individual lava portions not always, in our opinion, in consistency with facts. Some of them believe that Anyui Volcano represents a long-living polygenic center and that lava flow incised into the Monni River valley resulted from the Iceland-type fissure eruption. Until now, none of the available published maps contains information on sampling sites of the analyzed samples. Thus, there are several unsolved problems related to insufficient knowledge of the succession of lava flows and their eruption type. We carried out the interpretation of aerial and satellite images and propose a new reconstruction for Anyui Volcano eruptions (Fig. 2) .
It is known that tectonic setting of the eruption and chemical composition of magma (silica and alkali concentrations, gas contents) represent the main factors responsible for the type and mode of eruptions. Moreover, precisely viscosity of magma determines to a significant extent the diversity of eruption products (lava, pyroclastics) and their eruption type and distribution.
Anyui Volcano is composed of the main basaltic and the subordinate basaltic andesite lavas with a relatively low share of pyroclastic material. The preserved pyroclastic products of the basaltic andesite composition characterize only the cone edifice. Correspondingly, eruption of Anyui Volcano may be characterized as a substantially effusive process. Moreover, individual lava portions differ both in morphology and chemical composition, which allows several stages to be defined in its eruption.
Eruptions resulting in the formation of edifices, such as Anyui volcano, are usually accompanied by a more or less pyroclastic activity through their entire duration (Kereszturi and Németh, 2012) . However, since sections with unconsolidated rocks, which reflect the eruption record, are lacking, we are compelled to use only available lavas and remains of the cinder cone. In this connection, reconstruction of the succession in the Anyui Volcano eruption is mainly based on the succession of individual lava flows.
Morphology of Lava Flows and Cinder Cone
The eruption commenced likely as lava flow, which moved from the cone along the northwestern gully and farther downward along the Monni River valley (Flow I) (Fig. 2) . The subsequent eruption stages are represented by lava flows, which extended from the cone in a northerly direction. Flow II, fissure flow, according to (Ustiev, 1961) , is the longest one (56 km). Its frontal parts remained unburied under the subsequent lava portions at a distance of 36 km from the cone. Flow III, main flow, according to (Ustiev, 1961) , advances over a distance of 20 km from the cone and includes many portions of lava, some of which are distinguishable in the relief. Inasmuch as the analytical data published in (Bazarova and Vavilov, 1989; Grachev, 1999) are scarce and lack exact indications of sampling sites, only the earliest (Flow III 1 : lavas extending along the Monni River valley) and later (Flow III 2 : lavas distributed up to 3.5-4.0 km away from the cone and hardly reaching the river valley) stages are definable in Flow III. The final, fourth (explosive-effusive) stage of Anyui Volcano eruption reflects activity of the cinder cone and two small lava bocche located near its piedmont. This stage (IV) was marked by the formation of cinder and lavas of the cone, which extended over a maximum distance of 1 km from the crater. It is conceivable that eruption in the main eruptive center of Anyui Volcano was accompanied by eruption of the subsidiary center located on the slope of Mount Vulkannaya 1.5 km north-northwest of the cinder cone (Fig. 2) . This is the so-called Malyi Anyui Volcano.
It should be emphasized that the defined flows consist of numerous individual lava portions; i.e., they ( 1-3, 7, 8, 10, 12 ) collection of M.M. Pevzner; (4) collection of M.I. Tuchkova (Fedorov and Koloskov, 2009 ); (5-6, 9, 11, 13) collection of А.А. Surnin (Grachev, 1999) ; (14) collection of A.V. Lander (Fedorov and Koloskov, 2009 ). Petrogenic elements were analyzed at Institute of Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry of the Russian Academy of Sciences (IGEM RAN) (1-3, 7, 8, 10, 12) ; Geological Institute of the Russian Academy of Sciences (GIN RAN) (4, 14); and Industrial Geological Trust Sevmorzapgeologiya (St. Petersburg) (5, 6, 9, 11, 13) . Trace elements were investigated by the RFA method at IGEM RAN (2, 3, 8, 10) and Sevmorzapgeologiya, St. Petersburg (5, 6, 9, 11, 13) Petersburg (5, 6, 9, 11, 13) . Isotopic investigations were performed at the Institute of Precambrian Geology of the Russian Academy of Sciences (1, 4: analyst E.S. Bogomolov; 6, 9, 11, 13: analyst B.V. Belyatskii) (Grachev, 1999) and the Vernadsky Institute of Geochemistry and Analytical Chemistry of the Russian Academy of Sciences (GEOKhI RAN) (14: analyst S.F. Karpenko). Composition of petrogenic elements is recalculated for the "water-free" residual; (-) not analyzed. (Ustiev, 1961) ; (5-7, 10, 11); after (Bazarova and Vavilov, 1989) ; (12) collection of A.T. Khitrunov (Dovgal and Chasovitin, 1965) . Composition of petrogenic elements is recalculated for the "water-free" residual; (-) not analyzed. Table 2 , no. 1) in the creek valley oriented in the northwestern direction from the cinder cone (Fig. 3) . Downslope, this flow reaches the Monni River valley and spreads further in the western direction (Table 1, nos. 1, 2). The flow in question is buried under later lavas. It is best observable at the exit from the creek valley and near the left slope of the river valley 5 km away from the cone. The chemical composition of earlier lava portions (low contents of silica and high contents of K) also implies the presence of Flow I at least 18-20 km away from the cinder cone (Table 2, no. 2). Exposed areas of Flow I are largely represented by pahoehoe lavas with peculiar features: wavy surface frequently deformed into folds, presence of abundant tunnels and tubes (locally with the collapsed top), fragments of corded pahoehoe, and shiny glassy crust (Fig. 4) . The ends of lava tunnels are frequently represented by the "road"-type surface consisting of smooth lavas. Locally, the relatively smooth surface of such lavas demonstrates fiveand six-faceted jointing. The flow is heterogeneous: it is composed of many alternating thin (<1 m) lava portions. In our opinion, the significant scatter of data obtained during the sampling of lavas from Flow I indicates multiphase eruptions. This aspect is more thoroughly considered below. The length of Flow I along the creek valley from the cone to the Monni River valley is approximately 4.5 km and the difference between these points could be at least 500 m. Thus, the average altitude gradient along the creek valley exceeded 100 m/km, which allowed lavas to reach rapidly the river valley. It may be assumed that lavas of early portions extended along the valley at least over 15 km. In this area, the altitude gradient was substantially lower (8 or 9 m/km). Nevertheless, this is a relatively steep incline sufficient for lavas to spread and fill the valley.
Flow II. This is the longest lava flow (56 km) filling the Monni River valley (Fig. 2) . Its lavas were sampled in the frontal part of the flow (Table 1, no. 4) and 13 km upstream the valley (Table 2, no. 3). The head part of the flow is buried under younger lavas, although the most distant areas of the lava field (36 km away from the cone) are preserved in their initial state. The structures and morphology of the flow are described in (Ustiev, 1958a (Ustiev, , 1958b (Ustiev, , 1961 (Ustiev, , 1966 . According to these descriptions, Flow II is formed by lavas of different types: aa, pahoehoe, and block lavas. Areas of block and aa lavas were likely formed owing to the break in eruption and relatively rapid cooling of individual lava portions, which met an insurmountable obstacle. For example, (Ustiev (1961) noted lava blocks up to 1 or 2 m across near the flow front.
The length of the lava flow along the Monni River valley from Lake Kukol to its front is approximately 52 km. The height difference between these points amounts to 330 m. Thus, the average altitude gradient along the valley exceeded 6 m/km, which allowed liquid basaltic lavas to extend almost freely over large distances.
Lavas of Flow II incised into the Monni River valley are characterized by the basaltic composition (Tables 1, 2), which implies low viscosity. The lava section represents a succession of many thin liquid (Fig. 2) ; (6) rockslide-talus forms; (7) Cretaceous granitoids of Mount Vulkannaya: (a) in situ, (b) rockslide-talus sediments; (8) Upper Triassic sedimentary rocks; (9) proluvial and volcanogenic-proluvial deposits; (10) creeks; (11) lakes; (12) numbers of samples, which are provided with accurate GPS or topographic information (Tables 1 and 2 ). Numerals on the figure: (1) position of Malyi Anyui Volcano, (2) "ballistic ejects" shown in Fig. 9 , (3) fragment of the cone shown in Fig. 8 . Next portions of lava flowed around these newly formed obstacles and gradually filled the entire Monni River valley. Simultaneously, new lava portions continued to enter and build up the valley bottom. As a result, individual lava "creeks" spreading downward the valley and meandering in search of depressions started to flow into the feathering water gaps. New portions of hot lava contacted the older portions that started to cool down, but were still plastic, resulting in the formation of numerous folds and wrinkles oriented in different directions and the development of the "astrakhan"-type appearance of the flow surface (Fig. 5a ). Similar structures are also observable on other liquid lava flows of the basaltic composition (Fig. 5b) . Ustiev (1961) attributed the formation of this lava flow to a fissure system and even defined it as the "fissure" flow. He noted the presence of granite dikes confined to sublatitudinal tectonic fractures in the volcano area. Proceeding from this observation, the author assumed the presence of similar "longitudinal fractures, which appeared (or were renewed) in response to recent tectonic movements" and were also responsible for "fissure eruptions at the valley bottom" (Ustiev, 1961, p. 8) .
At the same time, aerial images demonstrate clearly that the structures, which could result from fissure eruption (linear structures with associated cinder and cinder-lava cones), are missing along the entire Flow II. Figure 5a illustrates a fragment of Flow II with the largest, in the opinion of Ustiev (1961) , fissures. Indeed, longitudinal structures are observable along the northern slope of the field, but they represent rather wrinkles of lava folds in Flow I formed during the movement of later Flows II and III 1 ; i.e., they are a sort of "squeezing" or "bulldozer" facies. If this assumption is correct, it becomes clear that the time gap between eruptions of lavas of Flows I and II was very short, since lavas of Flow I still preserved plasticity. The presence of lavas of Flow I in the area under discussion is confirmed by the chemical analysis of the sample (Table 2, no. 2) taken near the front of Flow III 1 (Fig. 2) . Figure 5b shows for comparison the plan view of the fissure responsible for the eruption in the Grimsvotn caldera (Iceland) in 1783-1785. This is the famous Laki fissure. Eruption associated with this fissure was thoroughly investigated in (Thordarson and Self, 1993) and is considered a classical example of fissure eruptions. The Laki fissure (25 km long) is represented by a chain of about 100 cinder and cinder-lava cones towering above the lava flow surface for 80-90 m rather than by an open crack. Nothing resembling such a volcanic structure is observed in any lava flow of Anyui Volcano. The presence of additional eruptive centers is not needed for explaining the existence of the lava flow 56 km long. Extended (dozens of kilometers long) liquid basaltic lava flows, which erupted from bocche and adjacent small fissures, are relatively frequent in Siberia, e.g., the 80-km-long Zhom-Bolok "lava river" in the Sayany Mountains (Yarmolyuk et al., 2003; Ivanov et al., 2011) . Possibility of the formation of such "lava rivers" is determined by the outflow of liquid lavas in valleys with a significant altitude gradient. Aeromagnetic investigations in the Anyui Volcano area carried out in 1959 and 1964 yielded no data in favor of the existence of faults and fissures, which could give birth to the lava flow in the Monni River valley (Ignat'ev and Sizykh, 2001 ). Then, why Ustiev emphasized the presence of fissures? This is most likely explained by the fact that he never studied young volcanism prior to his first study. Geologist visiting for the first time a well-preserved lava flow discovers for himself the quite unimaginable world of a giant rocky labyrinth of capricious accumulations of blocks and obelisks, rampant lava waves and bubbles, as well as narrow deep gorges and lava tunnels. Undoubtedly, such a rocky splendor can mislead an inexperienced investigator. Nevertheless, expressive description of the flow morphostructures by Ustiev is of great significance, since it provides an idea of the outlook of individual elements on the flow surface.
For example, Flow II demonstrates wide distribution of the so-called "lava lakes" (Ustiev, 1961) . One of them is represented by a cylindrical hole up to 150 m across and approximately 15 m deep. The hole is surrounded by a wide concentric swell up to 5 m high. Ustiev describes that "…the hole bottom is very uneven and mostly resembles a pot with intensely boiling tar; capricious hummocks alternate with similar deeps and corded structures are oriented in different directions. The almost even surface of basalts is perforated by densely spaced round holes. Therefore, it amazingly resembles bee honeycombs. The holes are 8-10 mm in diameter. In areas, where basalts are crossed by open fissures, the holes are tubular and extend deep into the flow, probably, up to its base. …The appearance of such holes, which usually perforate the lower part of the flow, is attributed to gases. When hot lavas fill the wet valley bottom, a huge amount of water vapor is produced. In the absence of other exit, it can penetrate the liquid lava flow and escape in the form of strong jets" (Ustiev, 1966, pp. 151, 152) . These remarkable observations allow the morphostructures to be interpreted as phreatic pseudocraters (Thorarinsson, 1953) related to the contact of hot lava with the groundwater-saturated surface or frost ground. The most famous group of pseudocraters related to phreatic explosions is located on Lake Mývatn in Iceland (Fig. 5c ). They were formed during the eruption of Krafla Volcano 2100 yr ago (Thordarson and Hoskuldsson, 2008) . The average diameter and depth of pseudocraters in Anyui Volcano are approximately 100 and 10 m, respectively. They frequently make up groups and occur near lakes (Fig. 5a ). The presence of many phreatic pseudocraters is an important morphological feature of Flow II.
Flow III, which was considered by Ustiev (1961) as the "main" flow, extends over 20 km from the cone. It is composed of many lava portions including those observable in the relief. The scarce data allow only the earlier (Flow III 1 represented by lavas extending from the cone in a northerly direction and filling the Monni River valley) and later (Flow III 2 composed of lavas distributed also from the cone in a northerly direction over a maximum distance of 3.5-4.0 km and hardly reaching the river valley) stages to be defined in Flow III.
Satellite and aerial images ( Fig. 5a ) demonstrate clearly that Flow III 1 incised into the Monni River valley is virtually devoid of pseudocraters. This implies that lavas of Flow II moved through areas saturated with groundwater, while no such contact existed between lavas of Flow III 1 and the underlying surface. It is also seen that Flow III 1 is heterogenic and consists of several large successive lava portions. Figure 5a shows the front of this flow. According to (Ustiev, 1961) , it is 15-20 m high. Similar, although probably thinner, fronts are definable at the latitude of lakes Gornoe and Zaprudnoe (Fig. 6 ). Frontal portions of individual flows are less expressed upstream the river valley. The creek flowing into Lake Zaprudnoe demonstrates clearly why lava flows changed their directions and deviated to the feathering water gaps in the valley. New portions of lavas leaning against the older cooling lavas were forced to deviate and enter the water gap mouth.
Flow III 1 consists of lavas belonging to different types: aa, pahoehoe, and block varieties (Ustiev, 1961) . In aerial images, it seems slightly more viscous than the underlying Flow II.
Lavas of Flow III 1 were likely sampled by Ustiev near its front (Table 2, no. 4). We doubt that the sample was taken precisely from the portion under consideration: "lava was sampled from the bottom of a deep cleft near the front of the main flow" (Ustiev, 1961, p. 77) ; i.e., one cannot rule out that the sampled rock could belong to earlier eruptions (Flow II). Available data on the chemical composition (Tables 1, 2 ) obtained during different years in different laboratories by different methods cannot serve as basis for the detailed geochemical correlations. The head part of the flow is buried under later lavas of Flow III 2 . The length of Flow III 1 from Lake Kukol to its front is approximately 16 km and the height difference exceeds 100 m; i.e., the altitude gradient is almost 7 m/km.
Contacts of Flows I, II, and III 1 are readily recognizable in the relief (Fig. 5a) . Therefore, the stratigraphic succession of these large effusive stages is undoubted. Nevertheless, the intricate structure of the flows requires verification of their defined contours in the field.
Flow III 2 unites lavas extending from the cone over a maximum distance of 3.5-4 km in a northerly direction up to the valley entrance. The northern piedmont of the cone is complicated by a buried bocca, which served as an eruption center for lavas of Flow III 2 (it is highly probable that this area was a subsidiary rather than main lava eruption center of Flow III 1 ). The axial part of the flow exhibits a small fissure marked by a dozen small lava bocche (Fig. 3) . The flow is largely represented by fragmented aa lavas with a peculiar uneven surface composed of densely spaced size-variable (up to 1.0-1.5 m) blocks. Their surface is frequently rough due to friction between the moving hot blocks. Thickness of such crust never exceeds a few centimeters. Small "grated" fragments play the role of cement in large blocks. The smallest blocks are sometimes strongly polished and devoid of acute facets. Therefore, they cannot be attributed to the later destruction of rocks. Virtually similar blocks are observable in the lava section at contacts of individual lava portions; i.e., the transformation of these fragments was determined by peculiarities in the lava movement and cooling. The flow in question also exhibits areas of smooth lavas, in addition to aa lavas. These areas yielded perfectly preserved glazed lava "icicles." Small areas occupied by large blocks are located near the cinder cone.
Lava is highly porous and mostly oxidized. In the canyon of a dry river, which crosses the flow, it is seen that the flow consists of numerous thin (0.1-0.8 m) lava portions separated by bright ocherous and overheated contact zones (Fig. 7) . The canyon hosts wellrounded blocks, which resulted undoubtedly from activity of the intermittent water flow.
Our sampling revealed that lavas become successively more acid closer to the cone. This trend was used for the positioning of samples (Bazarova and Vavilov, 1989; Grachev, 1999) only provided with the reference "lavas of the main flow of Anyui Volcano." Flow III 2 is composed of basaltic andesites (Table 1 , nos. 5-10; Table 2, nos. 5-7). It is up to 4 km long and height difference between the head and front is approximately 4000 m (gradient 100 m/km). It seems that increased viscosity of lavas was responsible for their stop at the entrance into the valley, as opposed to preceding portions characterized mostly by a more basic composition and, consequently, lower viscosity. Areas of pahoehoe lavas within contours of Flow III 2 could be related to very high velocity of basaltic andesite lavas due to the strong incline of the surface. At the same time, one cannot rule out the possibility that they represent areas of earlier phases (unburied under Flow III 2 ), when pahoehoe lavas were more widespread.
Some lava portions cannot confidently be attributed to the defined phases: the succession of their eruptions may only be established by field observations with an obligatory study of their chemical compositions. For example, phase III was characterized at its end by the eruption of lavas that flowed along the western gully to overlie partly the surface of Flow I (Fig. 3) . These lavas were not sampled and their place in the general history of eruption remains unknown.
Cinders and lavas of the cone, which accumulated during the terminal stage of the eruption (stage IV), extend over 1 km from the crater (Fig. 3) . This explosive-effusive stage is related to the activity of both cinder cone proper and a pair of small lava bocche located near its northeastern piedmont.
Rocks of stage IV are represented by basaltic andesites (Table 1 , nos. 11-14; Table 2 , nos. 8-11). The most "acid" sample (Table 1, no. 14) is a cinder-lava bomb from the cone. The only sample of tephra (Table 1 , no. 12) was taken at the contact between lavas of later portions 50 m away from the cone piedmont. The rock represents juvenile gravel-sized cinder and black light porous, unoxidized lapilli with oily luster. This tephra is likely related to terminal stages of cone activity, while pyroclastics of the paroxysmal phase is partly buried under lava flows and partly washed out by meltwater. Sample nos. 8 and 9 (Table 2) , which were attributed by Ustiev to the "fissure" flow (Flow II) (i.e., the initial, in his opinion, phase of effusive activity), reflect this terminal eruption stage as well. At the same time, according to (Ustiev, 1961) , sample no. 8 represented by "… finely porous lava of the volcanic cone" (p. 109) is "… oxidized red-colored lava" (p. 95) and sample no. 9 is "… finely porous lava of the volcanic cone" (p. 109) … "from the volcano vent" (p. 65). We attributed sample nos. 11 and 13 (Table 1) , as well as sample nos. 10 and 11 (Table 2) , which lack indications of sampling places and coordinates, to the terminal stage of eruption based on the similarity of their chemical composition with that of the sample taken from cone cinder and lavas at a distance up to 1 km away from the crater.
The cone is now composed of mostly brown-red welded compact agglutinates of the near-vent facies. Moreover, it is virtually devoid of the unconsolidated (substantially black) cinder cover, which is characteristic of young (Holocene) cones (Fig. 8) . Cinders (tephra) are absent on the cone proper and neighboring rises and in creeks. The lower two-third of the cone edifice is largely composed of pyroclastic material, which implies normal explosive activity. The upper one-third of the cone (the highest southeastern wall) consists of alternating pyroclastics and thin intercalations of lava-type material. It seems that the terminal phase of cone activity was characterized by weakened explosive intensity and incandescent fall of ballistic ejecta (cinder-lava bombs) near the crater. Due to high temperature, they could weld and even form lava-type flows, which shielded the cinder cone by a compact crust and guaranteed its relatively good preservation. Inasmuch as such rocks result from relatively weak explosions, unidirectional ejecta can hardly be expected. Most likely, the cone was regularly covered by bombs and lava-type crust. Nevertheless, the crust is now absent on the north-northwestern slope of the cinder cone, which implies a significant destruction of this segment. The crater edge in this area is located at the altitude of approximately 1000 m, while maximal height of the cone amounts to 1054 m.
The bedrock slope of Mount Vulkannaya northwest of the cone clearly exhibits a spot of welded cinder-lava rocks (Fig. 9) . Moreover, altitude of this spot and the upper (south-southeastern) edge of the crater is virtually (approximately 1050 m). Ustiev (1961) interpreted these rocks as "ballistic ejecta" related to activity of the inclined lava fountain. In our opinion, they represent a fragment of the lava-type crust on western slopes of the primary cone that initially leaned against the slope. Comparison of compositions of the material from this "spot" and lava-type rocks of the cone will make it possible to solve this problem. The most intense destruction of the northwestern part of the cone and the western incline of the crater are more logically explainable by the existence of the strongest meltwater flow, which already formed the canyonshaped channel downstream of the valley (Fig. 3) , in the past (and exists now precisely in this area west of the preserved cone) rather than by the northwestern incline of the vent (Ignat'ev and Sizykh, 1997) . Figure 8 clearly illustrates detachment planes of local rockslides from the western and northwestern slopes of the cone. It is noteworthy that proper rockslide deposits are completely missing from this area. They were probably removed by powerful mudflows rather than an older small creek. The mudflows could hardly be formed in the Holocene because of precipitation deficiency in this area. Figures 3 and 8 clearly show that the southwestern piedmont of the cone is overlain by younger rockslide-talus deposits, i.e., the true diameter of the cone is unobservable in this segment. Thus, it may confidently be assumed that the primary cone could be notably larger than the present-day preserved edifice.
The following minimum parameters are assumed for the primary cone: H ≥150 m, D 500-600 m, d ≤300 m, and h 80-100 m, where H is the cone height, D is the base diameter, d is the crater diameter, and h is the crater depth. With such parameters, the volume of Anyui Volcano should be approximately 0.01 km 3 . Parameters of Anyui Volcano are close to their values in the cone (0.012 km 3 ) formed by the southern breakthrough of the Great Fissure Tolbachik Euption in 1975 -1976 (Bol'shoe …, 1984 . With account for ballistic ejecta, cinder outliers, and tephra, the total volume of pyroclastic material is estimated at 0.031-0.048 km 3 (Bol'shoe …, 1984) . It is logical to assume that the integral effect of the explosive phase of Anyui Volcano could be similar (at least 0.03 km 3 ). Tephra associated with this eruption should be distributed over dozens of kilometers away from the eruptive center, while the surrounding areas should be covered by a continuous cinder cover.
Malyi Anyui Volcano. According to (Dovgal and Chasovitin, 1965) , geologist A.T. Khitrunov (1962) discovered on the western slope of Mount Vulkannaya blocks of basaltic andesite from the "parasitic cone," which was subsequently named as Malyi Anyui Volcano (Figs. 2, 3 ). According to Ignat'ev (1990) , this volcanic edifice is significantly destroyed and represented now by the accumulation of angular and fritted blocks of gray vesicular basaltic andesite and cinder cement of the similar composition. Accumulation of blocks is traceable as a "tongue" 30-150 m wide and up to 370 m long extending in the northwestern direction. The eruption center is virtually unpreserved. Unfortunately, we failed to visit this area and, thus, cannot add anything to the available information. Analytical data on the chemical composition of lavas are presented in (Fig. 3) .
Cone C o n e Cone
Mt. Vulkannaya Mt . Vulka n n aya Mt. Vulkannaya Table 2 (no. 12). It is quite conceivable that this subsidiary breakthrough appeared simultaneously with the eruption of Anyui Volcano. Proceeding exclusively from the similarity of chemical compositions of rocks, it may be assumed that Malyi Anyui Volcano could be formed at the terminal stages of the eruption under consideration (III 2 -IV). The fact that the eruptive center is destroyed and represented only by the accumulation of blocks can indicate its pre-Holocene age
Duration of Eruption
Thus, the history of the Anyui Volcano eruption is in general reconstructed with the consideration of successive eruptions of different lava flows and some peculiar features in the formation of the cinder cone. It is evident that Anyui Volcano represents a monogenic center with the largest share of its lava eruption from bocche located in the immediate vicinity to the cinder cone. According to (Ustiev 1961) , the integral area occupied by the lava field is 107.5 km 2 and the total volume of igneous rocks amounts to approximately 3.5 km 3 . Our calculations of flow areas using a measuring grid appeared to be very close to the abovementioned data. Unfortunately, no measurements of the lava flow thickness were conducted during field investigations. Therefore, accurate estimate of the integral volume of lavas is impossible. How long could last this eruption?
During the historical time, similar eruptions lasted usually 9-18 months. For example, the Laki fissure was active since June 1783 to February 1784 (Hamilton et al., 2010; Thordarson and Self, 1993) ; and fissure eruptions on Tolbachik Volcano, from July 1975 to December 1976 (Bol'shoe …, 1984 and from November 2012 to September 2013 (Gordeev et al., 2013) . Eruptions of some volcanoes, such as Krafla in Iceland in 1724 -1729 and 1975 -1984 (Thordarson and Hoskuldsson, 2008 Thordarson and Larsen, 2007) and Timanfaya on Canary Islands in 1730 -1736 (Carracedo et al., 1992 represented a series of rare short activation episodes lasting 5-10 yr in total.
The aforesaid provides grounds for an assumption that eruption of Anyui Volcano lasted several months or several years. Was this eruption continuous as, for example, on Tolbachik Volcano or discrete as on Krafla Volcano cannot reliably be established. Nevertheless, some peculiar features of the composition of Anyui Volcano lavas make the second scenario more preferable, i.e., relatively prolonged (a few years) and, probably, discrete eruption. Figure 2 shows that the lava field and cinder cone of Anyui Volcano, as well as the subsidiary eruptive center, were sampled insufficiently for the detailed characteristic of rock composition and the reconstruction of magmatic activity. Moreover, accurate GPS and topographic data are available only for some samples presented in Tables 1 and 2 (Fig. 3) . For example, the chemical analyses in (Bazarova and Vavilov, 1989; Grachev, 1999) characterize lavas of the so-called main flow of Anyui Volcano. According to (Ustiev, 1961) , the "main flow" is approximately 20 km long. On the basis of some above-mentioned features, it may be divided at least into stages. However, because of the absence of accurate geographic data on sampling places in (Bazarova and Vavilov, 1989; Grachev, 1999) , we were forced to unite these flows into a single stage (III) subdivided into two successive phases (III 1 and III 2 ). Our sampling (Fig. 3) revealed that lavas become successively more acid toward the cone. Based on this trend, we attributed conditionally samples mentioned in (Bazarova and Vavilov, 1989; Grachev, 1999) to the late phase of stage III (III 2 ) and terminal stage IV (cinders and lavas of the cone). The chemical analytical data from (Okrugin and Mokhnachevskii, 2013 ) are ignored in this work, since they lack geographic indications and laboratory information. At the same time, the analytical results in (Okrugin and Mokhnachevskii, 2013) agree well with the data presented in Tables 1 and 2 and do not basically change the general characteristic of rocks.
COMPOSITION OF IGNEOUS ROCKS
The analytical data presented in Tables 1 and 2 were obtained in different years in different laboratories and by different methods. Nevertheless, even such heterogeneous data are sufficient for the general characteristic of some chemical properties of rocks and magma generation.
Cinders and lavas from Anyui Volcano are represented by subalkali basaltic andesites and basalts. Phenocrysts are composed of andesine-labradorite, pigeonite augite (Wo 38-44 En 33-50 Fs 11-23 ) and olivine (from Fo 82-85 to Fo 78-60 ) (Akinin et al., 2008; Bazarova and Vavilov, 1989) . All minerals of phenocrysts contain primary inclusions with the phase composition represented by glass, liquid CO 2 (T hom approximately +18°C, specific volume 1.25 cm 3 /g) and solid-phase inclusions (Bazarova and Vavilov, 1989) . Ore minerals occur as small black cubic crystals of magnetite and skeletal structures of hematite. The groundmass texture and quantitative phenocryst composition correlate distinctly with the position of rocks in the flow. Maximum (up to 77-78%) and minimum (23-13%) contents of volcanic glass are characteristic of the vesicular and compact lavas varieties, respectively (Akinin et al., 2008; Ustiev, 1961) .
Petrochemical properties of effusive rocks of Anyui Volcano are presented in (Tables 1, 2; Figs. 10, 11 ). Data points of their compositions are localized near the line separating the subalkaline and alkaline series (Irvine and Baragar, 1971) (Fig. 10a) are represented by trachybasalts and basaltic trachyandesites (Le Bas et al., 1986) , while lavas and pyroclastics of the cinder cone (stage IV) are composed of basaltic andesites of normal alkalinity. Lavas are represented by different basalt varieties: Ne-normative (1.8-5.3%) variety of stages I and, partly, III; Hyp-normative variety of stage II; and Qtz-Hyp-normative basaltic andesites (Qtz 3.5-7.9%, Hyp 8.6-13.6%) of stage IV. The overcoming of the thermal barrier between the Ne-normative and Qtz-normative magmas in the low-pressure settings can be explained by the fractionation of magnetite-bearing mineral assemblages. The peculiar feature of lavas from Anyui Volcano is the negative correlation between silica and alkali elements determined by changes in the K concentration (Figs. 10a, 10b) . As a whole, lavas from this volcano are characterized by moderately high concentrations of Ti (TiO 2 = 1.46-2.23 wt %) and Fe (FeO tot = 7.3-9.6 wt %) and low contents of Al (Al 2 O 3 = 13.7-15.1 wt %).
The oxide-silica diagrams (Fig. 11) , which include data points of the quenched glass in primary melt inclusions (Bazarova and Vavilov, 1989) , demonstrate generally negative correlations between TiO 2 , FeO tot , CaO, and K 2 O determined by the fractionation of clinopyroxene and plagioclase. The Na content in lavas is virtually independent from silica concentrations. The inclusion of data on melt inclusions into the analysis allows us to outline certain trends in magma differentiation during the separate effusive stages.
In the K 2 O-SiO 2 diagram (Fig. 11) , rocks of Anyui Volcano make up three isolated areas represented by lavas of stages I, II-III, and IV demonstrating, in general, a negative correlation trend. At the same time, the composition of glasses from melt inclusions in lavas of eruption stage III (Bazarova and Vavilov, 1989 ) reflects a substantial increase in the K concentration against the background of increased silica contents. The similar trend is also observed in the Al 2 O 3 -SiO 2 diagram. As a whole, melt evolution during stage III was directed toward the increase in SiO 2 , Al 2 O 3 , and alkali contents, which resulted in the crystallization of K-feldspars in melt inclusions from olivine (Bazarova and Vavilov, 1989) . (Bazarova and Vavilov, 1989; Grachev, 1999; Ustiev, 1961) original data), (5) lavas of the parasitic cone (Dovgal and Chasovitin, 1965) ; (6) lavas from Bilibin Volcano (Chasovitin, 1966) ; (7) lavas of the Aluchin flow (Chasovitin, 1966; Gorodinskii et al., 1975; Grachev, 1999) ; (8) basalts from Balagan Tas Volcano (Grachev, 1999; Rudich, 1964; Vas'kovskii, 1949) . (1-6) Anyui Volcano: (1) Flow I, (2) Flow II, (3) Flow III, (4) cinders and lava of the cone (Bazarova and Vavilov, 1989; Grachev, 1999; Ustiev, 1961 ; original data), (5) lavas of the subsidiary cone (Dovgal and Chasovitin, 1965) , (6) quenched glasses of melt inclusions in minerals of basaltic trachyandesites; (7) lavas from Bilibin Volcano (Chasovitin, 1966) ; (8) lavas from the Aluchin flow (Chasovitin, 1966; Gorodinskii et al., 1975; Grachev, 1999; Sakhno, 2001 ); (9) lavas from Balagan Tas Volcano (Grachev, 1999; Rudich, 1964; Vas'kovskii, 1949) . Comparison of the petrochemical composition of rocks from Anyui Volcano and lavas from Late Quaternary volcanoes in northeastern Russia demonstrates that they are, in general, close to lavas from Aluchin and, partly, Bilibin volcanoes, but notably differ from alkaline lavas of Balagan Tas Volcano (Figs. 10, 11) .
The similarity and differences in the composition of rocks characterizing different stages of Anyui Volcano eruption are best seen in spidergrams (Fig. 12) based on the contents of incoherent elements normalized to the primitive mantle (C i /C pm ) (Sun and McDonough, 1989) and rare earth elements normalized to chondrite (C i /C ch ) (Evensen et al., 1978) .
All rocks in Anyui Volcano are enriched with high field strength (HFSE) and large ion lithophile (LILE) elements as in intraplate basalts of oceanic islands (Sun and McDonough, 1989) . They exhibit regular decrease in HFSE and LILE concentrations in the succession from basaltoids of eruption stage I to basaltic andesites of the cinder cone (stage IV). These compositional properties are reflected in spidergrams by the appearance of Nb (Nb/Nb* = 3-1) 1 , Ta (Ta/Ta* = 4-1), and Zr (Zr/Zr* = 2.3-1.5) maximums against the background of the Pb minimum (Pb/Pb* = 0.9-0.2) (Fig. 12a) . Analysis of Th-Hf-Ta, Th/Yb-Ta/Yb, and other discriminant diagrams, which are missing in the figure, also supports the attribution of rocks from Anyui Volcano to intraplate basalts.
The REE distribution is fractionated (Fig. 12b) . During the eruption, La n /Sm n and La n /Yb n values decrease successively: 2.7 and 11.9, respectively, in trachybasalts of stage I; 1.4-1.9 and 6.3-6.9, respec-1 Nb/Nb* is a means to express Nb anomalies during the analysis of primitive mantle-normalized trace element concentrations. Nb is its measured content in rocks and Nb* is its theoretical concentration calculated on the basis of the continuous spectrum of elements in neighboring spidergrams. Nb/Nb* = Nb n /[(Th n )*(La n )] 1/2 . Zr/Zr*, Pb/Pb*, and other anomalies are calculated in the similar way. (1-4) Anyui Volcano (Grachev, 1999 ; original data): (1) Flow I, (2) Flow II, (3) Flow III, (4) cinders and lava of the cone, (5) lavas from Aluchin Volcano (Grachev, 1999) , (6) lavas from Balagan Tas Volcano (Grachev, 1999 tively, in basaltic andesites of the cinder cone (stage IV). Most rocks do not demonstrate Eu anomaly (Eu/Eu* = 1.0-1.1). The ratio of Nd and Sm radiogenic isotopes in rocks of Anyui Volcano is highly variable (Fig. 13a) . (Grachev, 1999) ) in lavas of Anyui Volcano are determined by their origination from three sources: depleted (MORB-type) mantle, mantle plume, and reworked oceanic crust.
The distinct negative correlation of εNd with SiO 2 (Fig. 13b) figure) indicate that magmas of the terminal eruption phase could be contaminated to some extent by the crustal material highly enriched with the radiogenic Nd. Contamination of mantle sources with material from the continental crust is quite probable, since basaltoids of Anyui Volcano were formed in an older continental crust 35-40 km thick. According to (Bazarova and Vavilov 1989) , phenocrysts crystallized prior to the effusive period under the pressure of volatile elements amounting to approximately 700 MPa, which can correspond to a chamber depth of 20-25 km.
However, variations in the 147 Sm/ 144 Nd values (Fig. 13c) in lavas from early stages of eruption are largely determined by the melting/fractional crystallization, while the crustal contamination could play some role only at terminal stages of magma generation. This is also confirmed by the location of the main eruptive center of Anyui Volcano within the Cretaceous Mount Vulkannaya quartz diorite massif (Miller et al., 2009) . (Zindler and Hart, 1986) and Cape Navarin (Fedorov, 2006) (Mukasa et al., 1996) , (BSE) whole-rock isotopic composition of the Earth.
(1-4) Anyui Volcano: (1) Flow I, (2) Flow II, (3) Flow III, (4) cinders and lava of the cone (Grachev, 1999 ; original data), (5) lavas from Aluchin Volcano (Grachev, 1999) , (6) lavas from Balagan Tas Volcano (Grachev, 1999) , (7) lavas from Pyatistennyi Volcano (Grachev, 1999) . The following scenario can be proposed for the formation of Anyui Volcano rocks on the basis of the obtained data.
The distinct negative correlation between K 2 O and SiO 2 , as well as Sr and Nd isotopic ratios, indicate at first sight that magma was generated in several sources. Such a scenario is well consistent with the compositional rock properties, but inconsistent with the real geological situation: lava erupted from a single eruptive center during a relatively short period (from a few months to a few years). In this connection, it is difficult to imagine a situation when magmas of different compositions could erupt from a single conduit during such a short time interval.
At early stages of eruption (Flow I), melting involved magmas relatively enriched in incompatible elements ((La/Sm) n > 1) and depleted in Nd (εNd = 6.4) and Sr ( 87 Sr/ 86 Sr = 0.703589) isotopes, which produced Nenormalized basaltoids. The subsequent increase in the degree of source matter melting and processes of contamination, which are reflected in the successive shift of the Nd and Sr isotope compositions (εNd = 1.3) and
87
Sr/ 86 Sr = 0.705099) in basaltic andesites of the cinder cone determined the compositional variety of rocks from Anyui Volcano. Such a scenario is close to some extent to the model of volcanism evolution on the Hawaiian Islands, where the alkali (underwater or preshield stage) volcanism was replaced by the tholeiitic (shield stage) volcanism that continued for approximately 50 Ma (Clague, 1987; and others) .
It may be assumed that magma chamber feeding Anyui Volcano acted as a "running system;" i.e., upon reaching a certain degree of fractionation, the melts mixed with the next portion of primary melt, which resulted in the eruption of mainly products of their differentiation and mixing with residual melts in the chamber (Kadik et al., 1990) . Such a scenario is admissible only in situation when stratigraphic succession of the defined eruption stages is ignored.
Summing up, the following should be noted. Rocks of Anyui Volcano are represented by moderately magnesian subalkali trachybasalts, basaltic trachyandesites, and basaltic andesites. The reconstructed succession of lava eruptions and exact placing of sampled rocks in this succession made it possible to reveal the general basicto-acid trend in the volcanism evolution. The peculiar feature of melt evolution is a distinct negative correlation between K and SiO 2 concentrations. The isotopicgeochemical composition of basaltoids of Anyui Volcano implies their formation by the partial melting of a source depleted in isotopes (Nd-Sr) and enriched in incoherent elements with a simultaneous contribution of crustal contamination. Such an inconsistency between the isotopic and trace element compositions of magmas could be determined by the preceding Mesozoic metasomatic events.
RESULTS OF RADIOMETRIC DATING
Taking into consideration the high degree of morphological preservation of the well-exposed lava flow and cone, which lack any features indicating the influence of glacial activity on them, Ustiev (1961) assumed that Anyui Volcano was formed a few centuries ago. Most researchers share this view on its age and attribute its formation at least to the Holocene (Akinin et al, 2008; and others) . They mention evidence of local residents who supposedly witnessed smoke above the volcano (Geologicheskaya …, 1979) . Based on its relations with glacial forms, some researchers assumed its late Sartanian age (Ignat'ev, 1990; Sizykh, 1993; Ignat'ev and Sizykh, 2001) . In some publications (Surnin, 1997; Surnin et al., 1998) , it is indicated that the age of Balagan Tas and Ustiev volcanoes is 0.2-0.4 Ma, although the authors give no information on the initial isotopic date or corresponding references. In (Akinin and Calvert, 2012) , the age of Anyui Volcano is estimated to be 42.7 ± 2.4 and 12.9 ± 3.4 ka ( 40 Ar/ 39 Ar method, US Geological Survey). According to our isotopic measurements (K-Ar method, GIN RAN), Anyui Volcano was formed approximately 250 ka ago (0.248 ± 0.030 Ma) (Pevzner et al., 2011) .
Radiocarbon Dating
The tephrochronological method is used worldwide for determining the age of volcanic eruptions (Lowe, 2011) . In Russia, the tephrochronological dating of Holocene eruptions and associated deposits are conducted in Kamchatka since the 1970s (Braitseva et al., 1978a (Braitseva et al., , 1978b and now this method is successfully used in geological investigations. It is based on the detection and dating of ejected tephra in isolated sections using simultaneously both tephrostratigraphic data and results of the immediate radiocarbon dating of pyroclastics from organogenic sediments. The presence of the large cinder cone of Anyui Volcano implies ejections of relatively large volumes of tephra, which should be spread and accumulate in unconsolidated sediments over dozens of kilometers from the crater. The study area is located substantially far from the centers of volcanism. Therefore, we could not use additional tephrochronological reference levels (previously dated transit ashes of other volcanoes) and were forced to apply the only possible approach: immediate dating of tephra buried in sediments enriched with organic matter, i.e., in peatlands.
The high degree of cinder cone destruction (mainly, absence of unconsolidated black cinder on slopes of the cone and strong destruction of its northwestern part) and complete absence of pyroclastic sediments in the study area forced us to doubt the Holocene age of the eruption under consideration. Nevertheless, we sampled near Lake Kukol several sections of Holocene peatlands, which were related to damming of the Monni River valley by lavas. The sections are located 4 km away from the cinder cone and their location seems to be an ideal "trap" for volcanic ash, which should fall during the formation of the cone. The presumable thickness of tephra at such distance (by analogy with tephra of Southern breakthrough of the Great Fissure Tolbachik Eruption (Bol'shoe …, 1984) should amount to decimeters and not less than 0.1 m. At the same time, none of these sections and their more remote counterparts contain any traces of cinder or other pyroclastics even in the reworked state.
The basal part of the continuous peatland located 3.8 km away from the cinder cone yielded radiocarbon date of 4880 ± 60 14 C yr (Table 3) . The peat represents a virtually ideal substrate for the burial of falling tephra. The absence of any traces of pyroclastic material or ballistic ejecta, which is related to explosive activity of the cinder cone of Anyui Volcano in the examined section, indicates unambiguously that the eruption took place about 5600 cal. yr ago. The radiocarbon age was recalculated into the calendar one in accordance with (Bronk Ramsey, 2005) .
Inasmuch as organic matter in this area commenced to accumulate only during the Holocene climatic optimum, the obtained date implies severe climatic conditions at that time. Other samples from the basal part of the continuous peatland sections located up to 4 km away from the cone yielded even younger dates (Table 3 ). The milder climate in the Keperveem River valley (outskirts of the town of Bilibino) is evident from the date of 8460 ± 40 14 C yr ago ( Table 3) that was also obtained for the basal part of the continuous peatland 2 m thick. This section located approximately 100 km away from the cone also lacks any traces of tephra produced by Anyui Volcano. Unfortunately, we failed to find older peats. Nevertheless, even the obtained dates refute the myth about the "historical" age of the eruption. Radiocarbon ages were measured in the Chemical-Analytical Laboratory of GIN RAN in accordance with the standard technique.
K-Ar Dating
Field observations on the volcano in question provided grounds for assuming relatively old age for its eruption and rocks sampled for the K-Ar dating. The rock collection included lavas from earliest Flow I (samples 0914/1, 0916/2) and younger Flow III 2 (samples 0909/1, 0913/1). The samples were taken 0.2 to 4.8 km away from the cinder cone. Lavas are represented by the high-K Pl-Ol basalts with the content of phenocrysts ranging from 10 to 20% except for sample 013/1 characterized by the aphyric texture. Table 4 illustrates the results of measurements.
Concentrations of the radiogenic Ar were measured in samples weighing 160-190 mg in the Chemical-Analytical Laboratory of GIN RAS with an MI 1201 IG mass spectrometer by the isotope dilution method using 38 Ar monoisotope. Samples were melted at 1500°C. Gas was cleaned on the trap cooled by ethanol at -121°C and then on two steps of Ti-Zr-Al hetter. Errors in measurements of the radiogenic Ar content and sample age were calculated in accordance with the technique in (Chernyshev et al, 2006 ) with account of their maximum values. The K concentrations were measured on an AAS3 atomic absorber in the Chemical-Analytical Laboratory of GIN RAS with an accuracy of <1% (analyst I.V. Kiseleva). Validity of the obtained results was controlled by the consistency between repeated measurements and reproducibility of analyses of standard samples. The following constants were used in calculations: λ e = 0.581 × 10 -10 yr -1 ; λ β = 4.962 × 10 -10 yr -1 ; and 40 K/K = 1.167 × 10 -4 (Staiger and Jager, 1977) .
The K-Ar method is usually used for the dating of rocks millions of years old. However, when large weights of ideally preserved samples with high K contents are analyzed on the preliminarily prepared mass spectrometer, it may also be applied for the dating of younger rocks. For example, the report on ages obtained by both the isotopic ( 14 C, K-Ar, 40 Ar/ 39 Ar, 230 Th/ 238 U) and thermoluminescence (TL) methods is (Cassignol and Gillot, 1982) and 33-41 ka (Plenier et al., 2007) . This example of cross dating illustrates perfectly the potential of the K-Ar method for measurements of the age of young rocks. However, when we are dealing with Middle-Late Pleistocene samples, application of alternative methods is desirable.
In the situation under consideration when the alternative dating is impossible, we paid significant attention to properties of lavas sampled for isotopic investigations. In order to exclude probable losses of the radiogenic argon, we sampled lavas with the minimum quantity of pores and without traces of oxidation or repeated overheating. In laboratory, the lavas were examined in thin sections. The equipment was preliminarily prepared for the work with young samples: the mass spectrometer sensitivity was substantially increased, the device for Ar cleaning was tested, and the mass spectrometer chamber was cleaned from the possible traces of previous samples. For measurements, large weights of samples with different K contents were used (Table 4) .
Accuracy in measurements of the radiogenic argon concentrations based on consistency between the data on different weights was approximately 2%. The final error (σ) presented in Table 4 was calculated in accordance with the technique in (Chernyshev et al, 2006) based on integral errors in the measurement of Ar and K, as well as errors in calculations of the 40 K radioactive decay constant and increase of calculation error due to the large share of atmospheric argon.
Proceeding from the above-mentioned data, age of the Anyui Volcano formation can be estimated as 0.248 ± 0.030 Ma. It is noteworthy that the radiometric date obtained by the 40 Ar/ 39 Ar method for lavas of Balagan Tas Volcano in Yakutia is 0.266 ± 0.030 Ma (Leier et al., 1993) . Moreover, both volcanic edifices (Anyui and Balagan Tas) are characterized by a similar degree of preservation of their cinder cones.
ASSESSMENT OF THE ERUPTION AGE
Discussion of Radiometric Dating Results After publication of the article (Pevzner et al., 2011) , in which age of Anyui Volcano was estimated to be approximately 250 ka, new 40 Ar/ 39 Ar dates were reported in (Akinin and Calvert, 2012) , according to which Anyui Volcano was formed in the Holocene. In the last work, three samples taken for dating were mentioned, but only two dates (42.7 ± 2.4 and 12.9 ± 3.4 ka), which was obtained for samples from the cinder cone crater, and "lava flow extending from the latter in the Monni River valley" are presented (Akinin and Calvert, 2012, p. 25) . Tables with particular dates and plateau plots are also missing.
In our opinion, these dates and corresponding inferences are inconsistent with the real geological situation. First, the dates cannot characterize the Holocene age. The lower limit for the Holocene is accepted at 11700 ± 99 ka (Stratigraficheskii …, 2006; The 2016 Version …, 2016 . Second, our observations on Anyui Volcano give reasons for doubts in the possibility of obtaining valid dates for rocks in the cone edifice, since they are mostly overheated and strongly oxi- dized. Even on lava flows, we met significant difficulties in sampling for the radiometric dating: individual portions of lava are usually very thin and have distinctly overheated contact zones (Fig. 7) . Even oxidized lavas contain abundant pores, which prevent their K-Ar and 40 Ar/ 39 Ar dating. In addition to dates on Anyui Volcano, Akinin and Calvert (2012) also cite the first radiometric ( 40 Ar/ 39 Ar) date for lavas of the Aluchin flow, which is located 80 km southward. According to their data, Aluchin Volcano was formed 277.3 ± 2.1 ka ago. Figure 14a shows that the dates obtained for Balagan Tas ( 40 Ar/ 39 Ar) and Anyui (K-Ar) volcanoes are characterized by the confidence interval of 30 ka, which is approximately equal to 12% of the measured age value The 40 Ar/ 39 Ar date obtained for the Aluchin flow is characterized by the confidence interval of 2.1 ka, which constitutes <1% (0.76%) of the measured age value. In our opinion, these accuracy values for the date, which determines the stratigraphic age of such young rocks, seem to be unreal. We assume that the mentioned confidence interval is based on similarity between the data on two weights from the same sample rather than standard deviation (σ). When calculating errors in the Ar-Ar dating, the researcher usually takes into consideration both errors in calculations of the 40 K radioactive decay constant and accuracy of K/Ca measurements. If the confidence interval of 30 ka (approximately 11%) is accepted for the date under consideration, it is possible to define based on three available dates (Fig. 14a ) a common field of the overlapping confidence intervals (280-250 ka) and consider this date as corresponding to age of the Middle Quaternary volcanism impulse in northeastern Russia. Even taking into consideration the scarcity of available factual material (only three dates), such an accuracy in age determination appears to be relatively high.
Let us consider 40 Ar/
39
Ar dates obtained for Anyui Volcano (Fig. 14b) . The confidence intervals for these dates are large (19 and 26%). However, they demonstrate no overlapping! The gap between these dates is 24-30 ka; i.e., two dates obtained by the same method for the same object are inconsistent with each other. Such a discrepancy in dates is possible only in the case of dating heterochronous events. However, when considering the above-mentioned structural features and succession of Anyui Volcano eruption, we established that we are dealing with a normal monogenic center, which could be maximum active during several years. Consequently, at least one of the obtained dates (42.7 ± 2.4 or 12.9 ± 3.4 ka) is incorrect because of the fivefold excess of σ.
Unfortunately, primary data, including plateau plots (data on Ar release), diagrams of measured K/Ca values, and isochrones, which served as a basis for calculating such young ages in (Akinin and Calvert, 2012) , have not been published so far. It is quite likely that different steps of the plateau also include steps corresponding to values ranging from 280 to 250 ka, and the choice of youngest dates (plateau steps with the overstated content of atmospheric 40 Ar) could be related to the relatively young appearance of lava flows of Anyui Volcano and traditional view on the Holocene age of this eruption. In addition, it should also be taken into consideration that the preceding impulse of magmatic activation is recorded in the continental part of Chukotka in the Cretaceous (Miller et al., 2009) . In this connection, it can hardly be expected that eruptions in the Late and Middle Holocene became frequent. The degree of preservation of volcanic morphostructures, as well as distinct morphological features of flows and cones, cannot necessarily serve as unambiguous criteria for estimating the age of volcanic edifice. We meet frequently such problems in Kamchatka (Pevzner, 2015) . In areas remote from most sources of Holocene eruption, primary morphostructures of lava flows are very slowly covered by sediments. Kamchatka avoided shield glaciation in the terminal Late Pleistocene, while mountain valley glaciers occupied only some centers. In this connection, many volcanic objects may look young, which lead frequently to substantial underestimation of their age. Anyui Volcano surrounded by the Triassic and Cretaceous mountains look naturally relatively young: it includes the cinder cone with the preserved crater; its lava flows are exposed and bear no indications of glacial abrasion. Nevertheless, the reliable age of eruptions and their associated products is determinable not only on the basis of radiometric dating, but also different geochronological methods with account for the general geological evolution of the region.
Age and Parameters of the Last Glaciation
in the Study Area Most researchers consider the last, Sartanian glaciation in Chukotka as being represented by cirque glaciers, which developed similarly to the North Yakutia type (Dinamika …, 2002; Elias and Brigham-Grette, 2013; Glushkova, 1984 Glushkova, , 2001 Poyasnitel'naya …, 2013; Pushkar and Cherepanova, 2011; Razvitie …, 1993; Verkhovskaya, 1986; and others) . The glaciation of the North Yakutia type is determined by the moisture deficiency, which hampers the formation of large land glaciers. The moisture deficiency could result from desiccation of the northern shelf of eastern Asia over 300-700 km along the northern direction and the Bering Sea over 600-850 km south of the Chukchi Peninsula (Laukhin et al., 2006) . Glushkova (1996) defined the mountain valley glaciation only in some areas of the Okhotsk region.
The Zyryanka glaciation was significantly larger as compared with the Sartanian one. Nevertheless, its moraines were established and dated only in mountains surrounding Chukotka rather than in its central part (Poyasnitel'naya …, 2013) . It is established that piedmont plains of the Verkhoyansk Range accumulated continuously periglacial sediments during the last 60 ka in extremely continental climatic environments, which are responsible for the absence of substantial mountain glaciations at that time (Zigert et al, 2007) .
Glaciomarine sediments are recorded in the Selemzha and Berelekh river basins (Okhotsk region) and south of Cape Dionisiya (Anadyr area). Their age is estimated at 150 ka based on the date of 148 ± 40 ka obtained by the thermoluminescence method (Poyasnitel'naya …, 2013) .
The oldest moraine is documented in the Yurovka River basin (Okhotsk region). It is dated at 250 ± 50 ka by the thermoluminescence method (Poyasnitel'naya …, 2013) .
Since 1998, bottom sediments of Lake El'gygytgyn located 270 km north-northeastward of Anyui Volcano are investigated by drilling. These comprehensive investigations revealed that the area in question was characterized during the last 300 ka by continuous sedimentation in the lacustrine depositional environment with seasonal ice cover, while the surrounding areas were free of large glaciations (Lozhkin et al., 2007; Melles et al., 2012; Shilo et al., 2001) . No tephra of Anyui Volcano was detected in sediments of Lake El'gygytgyn (Van den Bogaard et al., 2014) .
The cinder cone of Anyui Volcano is located in a large complex collapse cirque on the northern slope of Mount Vulkannaya (Figs. 2, 3) . It is quite probable that the collapse was caused by seismic processes during the magma ascent. At the same time, southern slopes of Mount Vulkannaya and other surrounding mounts lack such distinct erosional morphostructures. The detachment wall of the collapse cirque is almost vertical and about 500 m high. Its lower part is buried under talus with inclination amounting to 35°. The rockslide body composed of large (up to 3 m across) blocks of granitoids (quartz diorites) forms "giant steps" descending in a northerly direction. Blocks are spread over a maximum distance of 3 km away from the cone. Locally, it is well seen that lavas overlie accumulations of large rock blocks. These blocks bear no indications of glacial abrasion. Their facets are only slightly affected by other rock fragments, which is characteristic precisely of rockslide deposits. The rockslide body proper is poorly recognizable, which indicates, first, its virtually complete burial under lavas of Anyui Volcano, and, second, preHolocene age of the event. Nevertheless, the "steps" are very distinct, which probably determined to a significant extent the stepped profile of the lava flow descending in a northerly direction.
As was noted (Ustiev, 1958a (Ustiev, ,b, 1961 (Ustiev, , 1966 , fragments of diorites occur frequently both on the surface of the lava flow and inside the crater. They are most widespread near bedrock slopes, on lavas near the cone, and at a distance up to 1.5 km away from the latter. The fragments never exceed 1 to 2 m across (dominant size up to 0.6 m) on lavas and 0.3 m inside the crater. Rock fragments in the crater are strongly affected by the interaction with other blocks. They are characterized by relatively acute facets and could most likely roll down from slopes of Mount Vulkannaya when the cone leaned against the latter. Blocks could appear on the flow owing to both roll down from the slopes and mudflow transportation. Development of mudflows is evident from the structure of the creek channel incised into Flow III 2 to a maximum depth of 3 m (Fig. 7) .
The cinder cone is located between two well-developed isometric depressions filled with proluvium (Figs. 3, 8) . Their bottoms are flat and covered by turf and incipient frost polygons. These depressions can also be interpreted as cirques. Some researchers (Ignat'ev, 1990 (Ignat'ev, , 1993 Ignat'ev and Sizykh, 1997) define glacial morphostructures (cirques and even moraine) near the cone of Anyui Volcano. The moraine is considered by these authors as the Sartanian deposit. They also emphasize its insignificant volume. This is explained, in turn, by the insignificant ice thickness in cirques. We failed to find any indications of glaciation larger than the cirque mentioned by these researchers (Ignat'ev and Sizykh, 1990 Sizykh, , 1993 Sizykh, , 1997 . We believe that relatively good preservation of the cinder cone and lava flow of Anyui Volcano is explained by the absence of such glaciation.
The formation of Anyui Volcano (~250 ka ago) is chronologically close to the boundary between isotopic stages 7 and 8 (Bradley, 1985) . The paleogeographic data derived from drill core recovered from Lake El'gygytgyn indicate that cooling during Stage 8 and the later cooling event (isotopic stages 2, 4, 6) were characterized by the dry or even arid climate (Lozhkin et al., 2007) . Thus, the lack of indications of a substantial influence of glaciers on volcanic deposits can be interpreted as their absence in the area under consideration at least during the last 250 ka. Our inference on the absence of shield or large mountain valley glaciations in the continental part of Chukotka is consistent with most available observations.
Eruption of Anyui Volcano against the Background of Pliocene-Quaternary Volcanic Activity in the Arctic
and Subarctic Regions Studies in all volcanic domains of the world are aimed at dating of eruptions. These investigations provided extensive data, which made it possible to reveal episodes of volcanism activation in some regions. Different detailed reports on volcanic activity over the last 3-6 Ma are available for the Arctic and Subarctic regions: Iceland and Yan Mayen (Lacasse and GarbeSchoonberg, 2001 ); Spitsbergen Archipelago and Novaya Zemlya (Akinin et al., 2008; Vaganov et al., 1985) ; Gakkel Ridge (Sohn et al., 2008) ; De-Longa Archipelago (Bogdanovskii et al., 1992; Leier at al., 1993; Zaitsev et al., 2011) ; and Alaska and northwestern Canada (Yukon) (Edwards and Russell, 2000; Jackson et al., 2001; Moll-Stalcup, 1994; Mukasa et al., 2007) . In the North Pacific, tephra intercalations were studied in the ODP Holes 883 (Kamchatka arc), 887 (Aleutian arc), and other sections, which made it possible to reveal episodes of explosive volcanism and establish age of the largest events at least at the regional scale (Prueher and Rea, 2001) .
The schematic profile extending from Iceland to Alaska illustrates post-Miocene volcanic activity in the Arctic region. Volcanic episodes in the continental part of northeastern Russia are united into a single column in this profile (Fig. 15) . The strongest volcanism episodes in the North Pacific (Prueher and Rea, 2001) are shown conditionally (between columns characterizing volcanic activity in Kamchatka and Aleutian Islands). Comparison of the chronological succession in volcanic activity of the Arctic region, North Pacific, and Atlantic Ocean indicates that the entire region under consideration was characterized by intensified volcanic activity likely in response to global events approximately 0.3, 0.8, 1.7, and 2.6 Ma ago.
In this connection, it is logical to assume that Middle Quaternary volcanic activation in Chukotka (Anyui and Aluchin volcanoes) and Yakutia (Balagan Tas Volcano) was determined by the "repercussion" of global processes. In such a situation, it becomes clear that ages of the eruptions of Anyui, Aluchin, and Balagan Tas volcanoes should be similar (it has been established) or differ at least by 0.5 Ma. It is quite probable that the age of Bilibin Volcano, which belongs to the Anyui group of volcanoes should fall into the interval of 0.2-0.3 Ma or correspond to earlier episodes defined in (Prueher and Rea, 2001) . It would also be of interest to determine the age of Pyatistennyi Volcano located within the South Anyui suture 200 km north-northwest of the Anyui group (Fig. 1) .
Among other Quaternary volcanoes of northeastern Russia, relatively reliable age estimates were obtained for volcanics of Cape Navarin (1.45-1.59 Ma) (Koloskov et al., 1992) . Their age is well consistent with the episode of volcanic activation in the Kamchatka segment of the North Pacific (1.5-1.7 Ma ago) defined in (Prueher and Rea, 2001 ) and with the subsynchronous episode of volcanism activation in Alaska (Edwards and Russell, 2000; Jackson et al., 2001; Moll-Stalcup, 1994; Mukasa et al., 2007) . Many Pliocene-Quaternary eruptions have been established and dated in Zhokhov and Vil'kitskii islands (De-Longa Archipelago, Fig. 1 ). The last eruptions are dated at 0.4 and 0.5 Ma ago (Bogdanovskii et al., 1992) ). Figure 15 demonstrates clearly that the continental part of northeastern Russia looks passive among the majority of active areas in the Arctic and Subarctic regions. In this connection, the established age of three volcanic centers (Anyui, Aluchin, and Balagan Tas) is extremely important, since it allows the last episode of volcanic activation 0.2-0.3 Ma ago to be confidently defined for the continental part of this LITHOLOGY AND MINERAL RESOURCES Vol. 52 No. 1 2017 region. If the youngest eruptions in the De-Longa Archipelago are taken into consideration, the chronological limit of this episode for the entire northeastern Russia region corresponds to the interval of 0.2-0.5 Ma. Noteworthy is the fact that volcanic activity at that time was characteristic of the entire periphery of the Arctic and Subarctic regions (Iceland, Spitsbergen, Kamchatka, Aleutian Islands, and Alaska) (Fig. 15) , which indicates both significant scale and high intensity of this phenomenon.
Given that volcanism of continental Chukotka is indirectly associated with global impulses of volcanism, the next eruption in northeastern Russia may be expected not earlier than 0.2-0.5 Ma. Fig. 15 . Episodes of volcanism activation in the Arctic region and adjacent areas during the Pliocene-Quaternary shown on the composite profile. In inset, schematic location of columns from the composite profile in the map of earthquake epicenters in the Arctic and Subarctic regions (Avetisov, 1996) .
(1, 2) Single eruptions: (1) reliably dated, (2) with approximate stratigraphic age; (3) episodes of intensified volcanic activity; (4) strongest volcanism outbursts in the North Pacific; (5) last episode of volcanism activation in the continental part of northeastern Russia. Volcanoes: (An) Anyui, (BT) Balagan Tas, (Al) Aluchin, (CN) Cape Navarin, (En) Enmelen. Columns: Iceland and Yan Mayen (Lacasse and Garbe-Schoonberg, 2001 ), Spitsbergen Archipelago and Novaya Zemlya (Akinin et al., 2008; Vaganov et al., 1985) , Gakkel Ridge (Sohn et al., 2008) , De-Longa Archipelago (Bogdanovskii et al., 1992; Leier et al., 1993; Zaitsev et al., 2011) , northeastern Russia (Akinin et al., 2008; Akinin and Calvert, 2012; Leier et al., 1993) , North Pacific (strongest) (Prueher and Rea, 2001 ), Alaska and northwestern Canada (Yukon) (Edwards and Russell, 2000; Jackson et al., 2001; Moll-Stalcup, 1994; Mukasa et al., 2007) 
CONCLUSIONS
The succession of large phases in eruptions of lavas and pyroclastics from Anyui Volcano is reconstructed. It is established that the volcano represented a monogenic center, while a larger share of lavas erupted from bocche located near the cone. The isotopic-geochemical composition of rocks erupted from Anyui Volcano implies their formation through partial melting in the isotopically (Nd-Sr) depleted source enriched in incompatible elements and with some contribution of the crustal contamination. Close values of ages, as well as similar petrochemical and isotopic characteristics, of Anyui and Aluchin volcanoes imply likely a single mechanism of magma generation in feeding chambers.
It is established that the radiometric age of Anyui Volcano eruption is 0.248 ± 0.030 Ma. Comparison of age estimates for Anyui, Aluchin, and Balagan Tas volcanoes and young volcanics from the De-Longa Archipelago revealed the last episode of volcanism activation in northeastern Russia (0.2-0.5 Ma ago) including its continental part (0.2-0.3 Ma ago). Activation of volcanism along the entire periphery of the Arctic and Subarctic regions is documented at the same chronological interval.
The absence of indications of the glacial abrasion on lavas from Anyui Volcano gives reasons for assuming that no significant (shield) glaciations existed in continental areas of western Chukotka at least during the last 250 ka.
The accomplished investigation revealed an insufficient knowledge of young volcanism in northeastern Russia. In this connection, a detailed petrochemical study of lavas and pyroclastics should be carried out both for Anyui Volcano proper and neighboring Aluchin and Bilibin volcanoes. The results can make it possible to determine more correctly the succession of explosive-effusive stages and reconstruct the evolution of magma during eruptions in these extremely interesting geological areas of Chukotka. 
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